Purpose: We retrospectively analyzed late small bowel toxicity in patients who received abdominal or pelvic intensity modulated radiation therapy (IMRT) to the small bowel with a maximum dose greater than the generally accepted maximal tolerable dose of 45 Gy. Methods and materials: All patients (N = 94) who received IMRT with a point dose of at least 45 Gy to tightly contoured small bowel between 2005 and 2014 at our institution were included. The median prescribed treatment dose was 70.2 Gy. The median follow-up was 20.1 months. Late small bowel toxicity was assessed using the Common Terminology Criteria for Adverse Events Version 3.0. Dosimetric variables and clinical factors were assessed for their relationship to small bowel toxicity. Results: The median maximal small bowel point dose (Dmax) was 6546.5 cGy. The estimated 5-year rates of freedom from at least grade 1, at least grade 2, and at least grade 3 late small bowel toxicity were 72.4% (95% confidence interval [CI], 60.7%-86.5%), 91.9% (95% CI, 84.1%-100%), and 93.6% (95% CI, 86.2%-100%), respectively. One patient (1.1%) developed grade 3 late toxicity, and 2 patients (2.1%) developed grade 4 late toxicity. Use of capecitabine/5-fluorouracil treatment was a significant predictor (P < 0.001) of at least grade 1 and at least grade 2 small bowel toxicity. No other clinical factors were associated with toxicity. None of the dose-volume parameters were significant predictors of small bowel toxicity. Conclusion: It may be possible with IMRT to deliver high doses to small volumes of small bowel with low rates of significant long-term complications. Further studies should explore tolerable dosevolume relationships in cases in which aggressive abdominal or pelvic treatment may be warranted to treat the underlying malignancy.
Introduction
Radiation therapy for abdominal or pelvic malignancies can result in small bowel toxicity. Previous estimates Conflicts of interest: None. of the incidence of late small bowel toxicity, based on expert opinions in the pre-intensity modulated radiation therapy (IMRT) era, suggest that the complication probability of 5% after 5 years (TD5/5) for severe toxicity is at a dose of 50 Gy for irradiating one third of the small bowel. 1 Relationships between dose-volume statistics and the incidence of acute small bowel toxicity have been assessed in patients with rectal and gynecologic cancers who received concurrent chemotherapy. [2] [3] [4] [5] On the basis of these earlier studies, the Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) guidelines recommend limiting V15 to <120 cc if individual loops are contoured and V45 to <195 cc if the entire peritoneal cavity is contoured. 6 Although the QUANTEC guidelines also found some consistency with the aforementioned TD5/5 estimate for late small bowel toxicity, detailed dose-volume data for late small bowel toxicity were lacking.
Additionally, data with regard to late toxicity involving patients with irradiation of the small bowel to doses above 45 Gy are extremely limited. Previously published studies involved different fractionation schedules and non-IMRT radiation therapy, thus creating challenges in establishing guidelines that minimize late small bowel toxicity in IMRT treatment with higher maximum point dosages than the generally accepted 45 Gy. [7] [8] [9] [10] Such guidelines are especially important in cases in which treatment of the underlying malignancy might benefit from more aggressive abdominal or pelvic radiation therapy.
Ambiguity also exists regarding whether contouring small bowel loops or the bowel bag is a more accurate predictor of late small bowel toxicity. Although some studies have used the entire bowel bag to account for bowel motion, 1 recent study has demonstrated that volumes measured by loop contouring were better predictors of overall gastrointestinal toxicity in a cohort of patients with cervical cancer. 11 Other factors, such as the volume of liquid in the bladder, may also affect bowel motion and the accuracy of loop or bowel bag contouring methods. 12 The aim of this study was to characterize the dosevolume relationship of late small bowel toxicity in patients who were treated with IMRT and whose malignancies warranted a maximum point dosage to the small bowel that was higher than 45 Gy. Additionally, we aimed to characterize any relationships between clinical variables or treatment factors and late small bowel toxicity.
Methods and materials
After institutional review board approval was obtained, we retrospectively reviewed 338 patients who were diagnosed with pelvic or abdominal malignancies and treated by one of the investigators (RDE) with IMRT alone (no brachytherapy) to prescribed doses of more than 45 Gy between January 2005 and June 2014. A total of 94 patients met the inclusion criteria of receiving a maximum point dose of at least 45 Gy to the small bowel.
Clinical data were extracted from the radiation oncology department records. Data on previous malignancies, presence of diabetes mellitus, vascular disease, previous gastrointestinal conditions, previous abdominal or pelvic surgeries, receipt of chemotherapy or hormone therapy (concurrent or sequential), date of completion of IMRT, prescribed dose of IMRT, use of daily image guidance, and the nature and severity of gastrointestinal symptoms in follow-up were collected. Toxicity was assessed using Common Terminology Criteria for Adverse Events Version 3.0. Small bowel toxicities included diarrhea, small bowel obstruction, enteritis, fistula, and stool incontinence. Any stool incontinence recorded was not confirmed to be a small bowel complication, but we elected to be conservative and assumed that any stool incontinence was a consequence of the radiation to the small bowel. Follow-up time was defined as the time between the completion of IMRT treatment and either the most recent follow-up or the incidence of small bowel toxicity. Severity of late toxicity was grouped into at least grade 1, at least grade 2, and at least grade 3 toxicity.
The individual loops of the small bowel were contoured on each computed tomography slice of the treatmentplanning computed tomography scan. All patients received small bowel contrast to distinguish the small bowel from the large bowel. All contours were performed by a single experienced physician (RDE). Patients were treated with 180 to 200 cGy per fraction to a total prescribed dose between 5400 and 7560 cGy (median, 7020 cGy). A small bowel dose-volume histogram (DVH) was generated for each patient. We applied an internally developed guideline of 60 Gy to a maximum of 10 cc and 70 Gy to 5 cc when the physician felt this aggressive treatment was clinically warranted. These guidelines often were exceeded, however, with 25 instances above the 60 Gy limit and 4 of those 25 instances above the 70 Gy limit. The total volume of small bowel irradiated and the volume of small bowel receiving at least 10 Gy up to at least 80 Gy at 5 Gy intervals (V10, V15, etc.) were recorded. The maximum, minimum, and median point doses of the small bowel (Dmax, Dmin, and Dmean) were also recorded.
To assess the incidence over time, Kaplan-Meier analyses were conducted. Patients were divided into groups based on whether they did or did not have V80 >0 cc, V75 >1 cc, V75 >0 cc, V70 >1 cc down to V60. Groups were also constructed by dividing patients into those who were above and those who were below the cohort median of V10 up to V60 and of Dmax, Dmin, and Dmean. One group was created for V15 >120 cc to test the QUANTEC guideline on our patient cohort. Two groups were also created to evaluate toxicity in patients whose doses exceeded the internally developed guidelines of V60 <10 cc and V70 <5 cc. Toxicity differences between groups on the basis of the clinical variables, treatment factors, and the constructed dose groups Advances in Radiation Oncology: October-December 2017 described were conducted using the Kaplan-Meier estimator and the log-rank test.
For each clinical variable, treatment factor, or dosimetric group that showed a statistically significant difference with the log-rank test, a subset analysis of DVH statistics was performed to compare patients with or without that condition. The Kaplan-Meier method was also used to assess the time course of late small bowel toxicity for at least grade 1, at least grade 2, and at least grade 3 toxicity. Two patients had incomplete medical histories; their data were excluded from analyses that involved the missing information. One patient had an incomplete DVH and was excluded from analyses involving the missing DVH statistics. Additionally, 2 patients received multiple sets of abdominopelvic IMRT treatment and were excluded from all DVH statistics analyses because an accurate summation of the 2 treatment plans was not possible.
The Kaplan-Meier comparison was done for all constructed groups described and all clinical variables listed in Table 1 that could be divided into nonzero groupings. We considered a P-value <.05 as our significance threshold for the clinical variables, treatment factors, and binary dosimetric comparisons. However, because 26 separate dosimetric and 28 separate clinical comparisons were made, we applied the Bonferroni correction and set a significance level at P < .0019 for the dosimetric comparisons and at .0018 for the clinical comparisons. Statistical analyses were performed with R, Version 3.2.5.
Results
Patient characteristics and treatment factors are summarized in Table 1 . DVH statistics are summarized in Table 2 . Of the 92 patients who received 1 set of abdominopelvic IMRT treatment, 2 patients (2.2%) received point doses to the small bowel of >80 Gy; 22 (23.9%) received point doses to the small bowel >70 Gy.
Overall, 17 patients (18.1%) experienced at least grade 1 late small bowel toxicity. Five patients (5.3%) experienced at least grade 2 late small bowel toxicity. Of the cases with at least grade 2 toxicity, 2 patients (2.1%) experienced grade 4 late toxicity with small bowel obstruction. The small bowel obstruction in one of these patients was in the high-dose area, but we could not assess the site of obstruction in the other patient because the images were not retrievable. One other patient (1.1%) experienced grade 3 stool incontinence. As previously mentioned, it was unclear if the stool incontinence was a small bowel complication, but we elected to be conservative and assumed that any stool incontinence was a consequence of radiation to the small bowel. If these stool incontinence cases were not small bowel complications, then our small bowel toxicity rates would be even lower than reported.
Relevant patient characteristics, treatment factors, and DVH statistics for the 3 patients who experienced at least (Fig 1) . Scatter plot of dose vs at least grade 1 and at least grade 2 toxicity is displayed in Fig 2. Log-rank tests for toxicity of all clinical variables, treatment factors, and dosimetric divisions showed only 1 statistically significant association (Table 4) . Specifically, capecitabine/5-fluorouracil (5-FU) treatment (concurrent or sequential) was a significant predictor for at least grade 1 and at least grade 2 toxicity (Table 4) , with 4 of 12 patients experiencing any toxicity, 3 of whom had higher than grade 2 toxicity. One of these patients developed grade 3 stool incontinence and had received 5-FU treatment for an esophageal malignancy within 6 months of initiating abdominopelvic radiation therapy (Table 3 ). Even after excluding this patient, capecitabine/5-FU treatment (concurrent or sequential) was still significant for at least grade 1 and at least grade 2 toxicity (P < .001 for both, even when excluding this patient). However, cisplatin treatment or the use of any chemotherapy (concurrent or sequential) were not significant (Table 4) . Three of 12 patients who received capecitabine/5-FU treatment experienced at least grade 2 toxicity, versus only 1 of 16 patients who received cisplatin who experienced at least grade 2 toxicity.
Notably, none of our dosimetric comparisons were statistically significant, including the groups for V15 >120 cc and for our internally developed guidelines. However, some of the variables, including the use of any chemotherapy, were close to our significance threshold. The log-rank test of any chemotherapy for higher than grade 2 toxicity had a P-value of .00589, but this likely was driven by the capecitabine patients (Table 4) . Of the dosimetric variables, only the V55 median group came relatively close to our Bonferroni significance threshold.
A separate subset analysis was conducted for patients who did or did not receive capecitabine/5-FU treatment. These tests also showed no significant associations between the median DVH groups and small bowel toxicity.
Discussion
We found that despite delivering doses to the small bowel that were above the generally accepted maximum of 45 Gy, our patients experienced low rates of toxicity. Although past studies have quantified a relationship between acute small bowel toxicity and certain DVH parameters, we did not find that relationship with late small bowel toxicity in our overall patient cohort. Other studies that have explored late small bowel toxicity have had large inconsistencies with fractionation schedule and the type of radiation therapy used. 
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A sizeable number of patients received point doses of >70 Gy (n = 22), warranting an examination of the variables at least through V70 in our dataset. The insignificance of V60, V65, and V70 in the log-rank tests for the constructed groups (Table 1) is especially worth noting. These results suggest that it may be possible to deliver these doses without high rates of significant complications to the small bowel. Similarly, Green et al found a low incidence of grade 3 + acute or chronic small bowel toxicity when using IMRT or VMAT techniques in a cohort of patients with prostate cancer, 25 of whom received doses of >52 Gy to the small bowel with no incidence of late toxicity. 13 Although it may be desirable to limit the maximum small bowel dose to <45 Gy if possible, it may be safe to increase the dose above this threshold without significant additional complications if treatment of the underlying malignancy would benefit. In particular, limiting the volume that receives 60 Gy to 10 cc and the volume that receives 70 Gy to 5 cc, as we have tried with most patients, may be appropriate in clinical situations that warrant aggressive treatment. Our results suggest that it may even be reasonable to raise these thresholds in certain situations.
Additionally, we observed that the 3 patients who experienced grade 3 or higher complications all received 5-FU treatment and had a prior gastrointestinal condition. As mentioned previously, 1 of these patients received 5-FU within 6 months of abdominopelvic radiation therapy for a different malignancy, but capecitabine/5-FU treatment remained significantly associated with at least grade 2 toxicity even when this patient was excluded. Past studies have also supported the potential need for clinicians to consider a wider variety of clinical variables and treatment factors when planning pelvic IMRT treatment.
14 However, statistical analyses are greatly limited without a larger number of patients with these severe complications and unique medical histories.
It must also be noted that the retrospective nature of this study, with treatment by a single investigator (RDE) and a small number of grade 2 or higher complications, makes it difficult to draw definitive conclusions. The large 10-year range in which patients were considered, inconsistent periods between follow-up visits, patients who were lost to follow-up, and the inhomogeneity of our patient cohort further complicate any potential conclusions. The use of physician-reported outcomes, which are routinely lower than patient-reported outcomes, particularly for lower-grade toxicities, is also a limitation.
Future prospective studies from other investigators should consider including patient-reported outcomes and ideally should be conducted with larger cohorts using standard fractionation, uniform use of IMRT and image guidance, and a defined long-term follow-up schedule. These prospective studies are necessary to eliminate potential confounding variables and correlations between different factors in a retrospective study that may have biased our results. These Advances in Radiation Oncology: October-December 2017 Late SB toxicity after aggressive IMRT studies are important to more accurately define the dosevolume relationship of small bowel toxicity and interactions with clinical variables and to establish appropriate thresholds for elevating radiation dosage in severe cases. Additionally, although many of our treatment plans show maximum small bowel doses well above 60 or 70 Gy, the true maximum small bowel dose may be substantially lower than reported in the plan due to the mobility of most of the small bowel. Patients who have fixed loops of small bowel within the high-dose region may be more susceptible to high levels of small bowel injury. Finally, it must be noted that various genetic factors are likely to underlie individual patient risk of late radiation therapy toxicity. Variants in genes associated with DNA Late SB toxicity after aggressive IMRT repair pathways, cell cycle arrest, and immune response have been thought to possibly increase the radiosensitivity of certain cells that are exposed during treatment. 15 With the formation of a radiogenomics consortium, genome-wide association studies are becoming increasingly important in identifying single nucleotide polymorphisms that may contribute to the increased risk of radiation toxicity. 16 Although replication of results and false positives remain large problems, recent analyses with increased power have found greater success in identifying single nucleotide polymorphism associations. 15, 17 One recent study identified an additional risk locus for radiation toxicity compared with an earlier genome-wide association study of patients with prostate cancer, which highlights the need for more collaborative efforts. 18 Further investigation into any differences in dose tolerance, specifically in patients receiving high maximal doses to the small bowel, should take these genetic risk factors into consideration. This type of prospective study remains extremely important in accurately evaluating the risk-reward tradeoff for patients whose underlying malignancies warrant aggressive pelvic or abdominal radiation treatment.
Conclusion
Our retrospective, hypothesis-generating data suggest that small volumes of small bowel can be treated above 45 to 50 Gy with acceptable long-term toxicity risk, but extra caution is advised in the setting of capecitabine/5-FU. The widespread acceptance of 45 to 50 Gy as the maximal dose to the small bowel may not be warranted and indeed might impede optimal patient care in situations in which a higher dose might provide improved tumor control. Additional research is needed, ideally with large numbers of patients to account for confounding factors and with prospectively collected data to minimize selection bias, to better determine the optimal dose-volume constraints for long-term small bowel toxicity. Advances in Radiation Oncology: October-December 2017
